Background: Global interferon-␤ deficiency causes osteoporosis. Lack of interferon-␤ production by osteoclast precursors is considered to induce excess osteoclastogenesis. Results: Isolated osteocytes express higher amount of interferon-␤ mRNA than osteoclast precursors and inhibit osteoclastogenesis partially in interferon-␤-dependent manner. Conclusion: Osteocytes produce interferon-␤ as an inhibitor of osteoclastogenesis. Significance: Osteocytic interferon-␤ might be involved in the regulation of bone homeostasis.
phenotype due to augmented osteoclastogenesis, indicating that IFN-␤ plays a critical role in the negative regulation of osteoclastogenesis for bone homeostasis (8) .
Bone-forming osteoblasts and bone marrow (BM) stromal cells are known to produce both RANKL and OPG (7) . Osteoblasts terminally differentiate into osteocytes, which are individually embedded in the lacunae of the mineralized matrix (13) . Osteocytes communicate with each other and with cells on the bone surface, such as bone lining cells, including osteoblasts and possibly cells of the osteoclast lineage. This communication occurs via prominent cell processes running through the canaliculi, thereby forming a three-dimensional network throughout the bone (13, 14) . Although osteocytes are known to negatively regulate osteoblastogenesis by secreting sclerostin (15) , recent in vivo experiments using osteocyte-specific transgenic mouse models have also revealed a crucial role for osteocytes in the regulation of osteoclastogenesis. The osteocyte-specific disruption of RANKL demonstrated that osteocytic RANKL is indispensable for osteoclastogenesis during bone remodeling but not during bone modeling/development (16, 17) . Osteocytespecific ␤-catenin-deficient mice exhibit increased osteoclastogenesis due to the down-regulation of OPG production by osteocytes (18) . In addition, osteocyte-specific RANKL-deficient mice (17) and mice with specific osteocyte ablation (19) were resistant to the acceleration of osteoclastogenesis induced by the mechanical unloading of the hind limbs by tail suspension. These results indicated that osteocytes sense local changes in the mechanical strains evoked by unloading and provide RANKL to up-regulate osteoclastogenesis. In contrast, the osteocyte-specific ablation model mouse demonstrated an acceleration of osteoclastogenesis and a concomitant increase in RANKL mRNA expression in long bones, presumably by osteoblasts and/or the remaining living osteocytes under ambulatory conditions (19) . In addition, the bone of osteocyte ablation model mice expressed a similar level of OPG mRNA as "normal" bone containing osteocytes (19) , indicating that cells other than osteocytes compensate for OPG mRNA expression when osteocytes are disrupted, although it could not rule out the possibility that the remaining osteocytes produce higher amount of OPG mRNA. These data suggested that osteocytes regulate osteoclastogenesis by affecting RANKL and/or OPG production by other cell types. Furthermore, these findings raise the intriguing possibility that osteocyte-derived factor(s) other than RANKL or OPG also regulate osteoclastogenesis. However, only a few molecules produced by osteocytes such as transforming growth factor-␤ (TGF-␤) (20) have been identified as being involved in the regulation of osteoclastogenesis.
Functional and molecular analyses of osteocytes have been hampered by the inaccessibility of osteocytes in the mineralized matrix. Although several isolation methods have been established for osteocytes (16, (21) (22) (23) and the clonal osteocytic cell line MLO-Y4 (24) , culture systems suitable for the in vitro analysis of the intrinsic function of osteocytes are lacking. In this study, we employed a culture system that mimics a three-dimensional cellular network and consists of osteocytic MLO-Y4 cells embedded in type I collagen gel, a layer of stromal ST2 cells on the gel, representing bone lining cells, and BM cells on the ST2 cell layer, serving as a source of osteoclast precursors. We also developed a culture method using osteocyte-enriched bone fragments (OEBFs), consisting of mineralized bone matrix containing osteocytes but free of non-osteocytic cells, e.g. osteoblasts and BM cells. Using these systems, we investigated the functions of osteocytes in osteoclastogenesis and found that osteocytes produce IFN-␤ as an inhibitory factor of osteoclastogenesis.
EXPERIMENTAL PROCEDURES
Growth Factors and Reagents-Fetal bovine serum (FBS) was purchased from Nichirei Biosciences (Chuo, Tokyo, Japan), and calf serum (CS) was obtained from Thermo Fisher Scientific (Yokohama, Kanagawa, Japan). Recombinant mouse M-CSF and recombinant mouse soluble RANKL (sRANKL) were purchased from R&D Systems (Minneapolis, MN), and recombinant mouse IFN-␤ and rabbit anti-mouse IFN-␤ neutralizing antibody (␣-IFN-␤-Ab) were obtained from PBL Interferon Source (Piscataway, NJ). Normal rabbit IgG, rabbit anti-c-Fos antibody (␣-c-Fos-Ab), and mouse anti-␤-actin antibody (␣-␤-actin-Ab) were purchased from R&D Systems, Santa Cruz Biotechnologies (Dallas, TX), and Sigma-Aldrich, respectively. Mouse anti-signal transducer and activation of transcription (STAT)-1-antibody (␣-STAT-Ab) and anti-phosphorylated STAT-1 (pSTAT-1)-antibody (␣-pSTAT-1-Ab) were from Cell Signaling Technology (Beverly, MA).
Mice-Five-week-old male ddy mice were purchased from Japan SLC, Inc. (Hamamatsu, Shizuoka, Japan). OPG-KO mice from a C57BL/6J background (25) were kindly provided by Dr. Nobuyuki Udagawa (Matsumoto Dental University). Wild-type C57BL/6J mice were obtained from CLEA Japan, Inc. (Meguro, Tokyo, Japan). All experimental animal procedures were reviewed and approved by the Meikai University School of Dentistry Animal Care Committee.
Cells-Immortalized osteocytic MLO-Y4 cells (24) from transgenic mice were kindly provided by Dr. Lynda F. Bonewald (University of Missouri), and mouse BM-derived stromal ST2 cells were obtained from the RIKEN BioResource Center (Tsukuba, Ibaraki, Japan). Primary osteoblasts were isolated by sequential collagenase treatment (26) and confirmed their abilities to produce calcified bone-like matrix and to support osteoclastogenesis from BM cells in the presence of dexamethasone (Dex) and 1,25-dihydroxyvitamin D 3 (1,25D 3 ).
Three-dimensional Culture System-Type I collagen gel solution (Cellmatrix Type I-A; Nitta Gelatin, Osaka, Japan), containing the indicated number of MLO-Y4 cells, 1.5 mg/ml type I collagen, 2.5% FBS, 2.5% CS, and ␣-minimal Eagle's medium (␣-MEM), was prepared for each experiment. A 50-l aliquot of this cell suspension was poured into each well of a 96-well plate and allowed to solidify at 37°C for 20 min. Subsequently, 50 l of ␣-MEM containing 2.5% FBS and 2.5% CS was added to each well, and the plate was incubated in a humidified incubator at 37°C and 5% CO 2 . After culturing for 2-3 days, 50 l of the culture medium was removed from each well, and 50 l of ST2 cell suspension (1 ϫ 10 4 cells in 10% FBS/␣-MEM) was added onto the gel, which was further cultured for 2-3 days to form an ST2 cell layer. Thereafter, BM cells were prepared from the femora of 5-week-old ddy mice and 50 l of the cul-ture medium in each well was replaced with an equal volume of BM cell suspension (5 ϫ 10 3 cells in 10% FBS/␣-MEM) containing a 2ϫ concentration of the indicated factors. In some experiments, three-dimensional cultures were performed without the ST2 cell layer. After culturing for 3-4 days, 50 l of the culture medium was replaced with fresh medium and cultured for an additional 3 days, followed by an evaluation of osteoclastogenesis, as described below.
Ultraviolet Light Exposure-The gel solution containing MLO-Y4 cells, prepared as described above, was poured into 35-mm Petri dishes on ice (1.0 ml/dish) and immediately exposed to UV light (50 cm below a UV lamp; wavelength of 253.7 nm; 15 watts; Panasonic, Kadoma, Osaka, Japan) for the indicated times. The solution was then poured into each well of a 96-well plate for construction of the three-dimensional culture and to assay cell viability and mRNA expression.
Cell Viability Assay-Cell viability was assessed using a Cell Counting kit-8 (Dojindo, Kamimashiki, Kumamoto, Japan) according to the manufacturer's instructions.
Three-dimensional Culture with Cell Culture Inserts-The gel solution containing the MLO-Y4 cells was poured into each well of a 24-well plate (600 l/well), and ST2 cells were seeded onto each cell culture insert (1 ϫ 10 4 cells/insert; 0.4 m pore size; Coaster, NY) to allow attachment to the top of the gel. After culturing for 3 days in 2.5% FBS and 2.5% CS/␣-MEM, the cells were further cultured in 10% FBS/␣-MEM containing the indicated factors. After culturing for 2 days, the inserts were removed from the gel, and the ST2 cells on the inserts were harvested for real-time reverse transcription (RT)-PCR analysis.
Co-cultures with Cell Culture Inserts Containing MLO-Y4 Cells-MLO-Y4 cells (5 ϫ 10
3 ) in 50 l of the gel were seeded into each cell culture insert (pore size, 0.4 m) in a 24-well plate, and ST2 cells (6 ϫ 10 4 ) or MLO-Y4 cells (6 ϫ 10 4 ) were seeded into each well of the 24-well plate. The cells were cultured for 3 days in 2.5% FBS, 2.5% CS/␣MEM. Next, BM cells (6 ϫ 10 4 ) were seeded onto ST2 cells or MLO-Y4 cells in each well and cultured in 10% FBS/␣-MEM containing Dex (10 nM) and 1,25D 3 (10 nM) for 7 days, followed by an evaluation of osteoclastogenesis.
BM Cell Culture System-BM cells (1.5 ϫ 10 5 cells/cm 2 ), obtained as described above, were cultured for 3 days in 10% FBS/␣-MEM containing 10 ng/ml M-CSF and/or the indicated factors. After washing the cells with ␣-MEM, fresh medium containing 10 ng/ml M-CSF, 10 ng/ml sRANKL, and/or the indicated factors was added, and the cells were further cultured for 2-3 days, followed by an evaluation of osteoclastogenesis. For Western blotting, the BM cells were cultured for 3 days in 10% FBS/␣-MEM containing 10 ng/ml M-CSF and the indicated factors and used for Western blotting.
Evaluation of Osteoclastogenesis-Osteoclastogenesis was evaluated based on the tartrate-resistant acid phosphatase (TRAP) activity in the culture medium as described previously (27) . In several experiments, the cells were stained for TRAP activity using a leukocyte acid phosphatase kit (Sigma-Aldrich). TRAP ϩ multinucleated cells with more than three nuclei were counted as osteoclastic cells using an inverted microscope, and we confirmed that TRAP activity in the culture medium reflected the number of TRAP ϩ multinucleated cells in each well.
Enzyme-linked Immunosorbent Assay (ELISA) for OPG-The OPG concentration in the culture medium was determined using a Mouse OPG/TNFRSF11B Quantikine ELISA Kit (R&D Systems).
Real-time RT-PCR-Total RNA was purified using an RNeasy Plus mini kit (Qiagen), and cDNA was synthesized using a high capacity RNA-to-cDNA kit (Invitrogen). Real-time RT-PCR was performed using TaqMan probe/primer mixture (Invitrogen) and a GeneAmp 5700 Sequence Detection System (Invitrogen). The relative quantification of the target mRNA expression was calculated and normalized to the amount of 18 S rRNA.
Preparation of Conditioned Medium from MLO-Y4 Cell Cultures and Primary Osteoblasts-MLO-Y4 cells were cultured for 3 days in the collagen gel, as described above except that 60-mm dishes were used. The culture medium was then replaced with 10% FBS/␣-MEM, followed by culture for 2 days; the culture medium was then harvested and designated as MLO-Y4 cell-conditioned medium (MLO-Y4-CM). Culture medium prepared without MLO-Y4 cells in the gel was harvested and designated as control CM. We confirmed that control CM had no effects on osteoclastogenesis. Primary osteoblasts were cultured in 10% FBS/␣MEM until they were confluent. The culture medium was then replaced with 10% FBS/␣-MEM, followed by culture for 2 days; the culture medium was then harvested as primary osteoblast-CM (pOB-CM).
Western Blot Analysis-After cultivation, cells were washed with PBS and lysed in cell lysis buffer (10 mM sodium phosphate (pH 7.5), 150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1.0 mM EDTA, 1.0 mM p-aminoethyl-benzenesulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml pepstatin, and 10 g/ml aprotinin), and Western blot analysis was performed as described previously (28) .
Preparation of OEBFs-OEBFs were prepared from the femora of 5-week-old mice from the indicated strains. BM cells were removed from the isolated femora, and each diaphysis of the femora was divided longitudinally into two pieces. Each piece of diaphysis was further cut into two pieces, and these bone fragments were incubated in ␣-MEM containing 0.2% collagenase and 1.0% FBS for 30 min with stirring (collagenase treatment). After washing the bone fragments with PBS, the fragments were incubated in PBS containing 5.0 mM EDTA and 0.1% BSA for 20 min with stirring (EDTA treatment). After three sets of sequential treatment with collagenase and EDTA, the bone fragments were used as OEBFs. To prepare OEBFs without vital cells, OEBFs were subjected to repeated freeze/ thaw treatment using liquid nitrogen and PBS. In several experiments, a portion of bone fragments at each step of collagenase/ EDTA treatment was used for real-time RT-PCR and cytological analyses. For the cytological analysis, the bone fragments were stained for alkaline phosphatase activity, an enzymatic marker of osteoblasts, or stained with hematoxylin and eosin (H&E). Using a stereomicroscope, we confirmed that nearly no cells existed on the surface of the OEBFs after three sets of sequential treatment. In some experiments, after the first collagenase treatment of bone fragments, the cells removed by the subsequent collagenase/EDTA treatments were harvested for mRNA expression analysis.
Culture of OEBFs-Approximately 10 OEBFs placed on a cell culture insert (pore size, 0.4 m) in a 24-well plate were cultured for the indicated number of days. The cell viability of the OEBFs was measured as described above. To examine the effects of OEBFs on osteoclastogenesis by BM cells, BM cells (3 ϫ 10 5 ) were seeded into each well of 24-well plates and cultured with the inserts containing OEBFs in 10% FBS/␣-MEM supplemented with 10 ng/ml M-CSF and the indicated factors. The inserts were removed after co-culturing for 3 days. The cells in each well were washed with ␣-MEM and further cultured for 2-3 days in 10% FBS/␣-MEM containing 10 ng/ml M-CSF and 10 ng/ml sRANKL in the absence of OEBFs, followed by an evaluation of osteoclastogenesis.
Statistical Analysis-The group means were compared by a t test, one-way analysis of variance or two-way analysis of variance, and the significance of differences was determined by post hoc testing using Bonferroni's method.
RESULTS

Osteocytic MLO-Y4 Cells Inhibited Osteoclastogenesis in a
Three-dimensional Culture-In a three-dimensional culture system, BM cells were cultured on ST2 cell layer formed on collagen gel containing osteocytic MLO-Y4 cells in the presence of Dex and 1,25D 3 (Fig. 1A ). Using this culture system, we evaluated the effect of the osteocytes in the gel on osteoclastogenesis. The MLO-Y4 cells in the gel significantly inhibited osteoclastogenesis in a cell number-dependent manner (Fig.  1B) . When the MLO-Y4 cells in the gel were pre-exposed to UV light, the viability of the cells was decreased in an exposure time-dependent fashion (Fig. 1C, left panel) . RANKL mRNA expression stimulated by 1,25D 3 was also similarly decreased ( Fig. 1C, right panel) . When these MLO-Y4 cells were used in the three-dimensional cultures with ST2 cells, the inhibition of osteoclastogenesis was partially reversed in an exposure timedependent fashion ( Fig. 1D ), suggesting that osteoclastogenesis in this culture condition is supported by other than RANKL of MLO-Y4 cells, presumably by that of ST2 cells. However, when BM cells were directly cultured on the gel containing MLO-Y4 cells without ST2 cells, osteoclastogenesis was supported in a cell number-dependent manner (Fig. 1E ), in agreement with other reports (29, 30) . Therefore, our data suggested that MLO-Y4 cells in the gel exhibit an inhibitory effect on osteoclastogenesis from BM cells seeded on ST2 cell layer that primarily contact with BM cells to support osteoclastogenesis. 3 -We next investigated whether the MLO-Y4 cells in the gel regulate the functions of the ST2 cells on the gel toward anti-osteoclastogenic properties, i.e. down-regulation of RANKL and/or up-regulation of OPG production to inhibit osteoclastogenesis. The cell culture inserts on which ST2 cells were seeded were set on the gel containing MLO-Y4 cells and cultured in the presence of Dex and 1,25D 3 . After cultivation, the inserts were removed, and the production of RANKL and OPG by the ST2 cells was analyzed. The presence of MLO-Y4 cells in the gel did not significantly modulate RANKL or OPG mRNA expression by ST2 cells in the presence of Dex and 1,25D 3 ( Fig. 2A) . In addition, OPG production by the MLO-Y4 cells in the gel was undetectable at both the pro- tein and mRNA levels, irrespective of the presence of Dex and 1,25D 3 (Fig. 2B) . To confirm that the inhibitory effect of the MLO-Y4 cells in the gel on osteoclastogenesis is independent of the modulation of RANKL/OPG production by ST2 cells, osteoclastogenesis was stimulated by the exogenous addition of sRANKL in the presence of Dex in the three-dimensional culture. It should be noted that the addition of Dex is necessary to decrease the high level of OPG production by ST2 cells for osteoclastogenesis induction by exogenous sRANKL in threedimensional culture (data not shown). The results showed that the presence of MLO-Y4 cells in the gel inhibited the osteoclastogenesis induced by exogenous sRANKL with Dex in the ST2 cell layer on the gel (Fig. 2C) . These data suggested that MLO-Y4 cells inhibit osteoclastogenesis independently of the modulation of RANKL/OPG production by ST2 cells. (Fig. 3A) , suggesting that although MLO-Y4 cells are capable of supporting osteoclastogenesis through cell contact with BM cells, MLO-Y4 cells also produce humoral inhibitory factor(s) of osteoclastogenesis. To examine the effects of humoral factor(s) produced by MLO-Y4 cells on osteoclastogenesis, we utilized a BM cell culture system and MLO-Y4-CM. The addition of MLO-Y4-CM through two phases of osteoclastogenesis, i.e. osteoclast precursor generation by M-CSF and the subsequent differentiation of the precursors into osteoclasts by sRANKL, inhibited osteoclastogenesis in an MLO-Y4-CM concentration-dependent manner (Fig.  3B) . However, the addition of MLO-Y4-CM only during the phase of M-CSF-induced osteoclast precursor generation decreased the capability of the M-CSF-induced cells to differentiate into osteoclasts in this MLO-Y4-CM concentration-dependent manner (Fig. 3C ). The addition of MLO-Y4-CM and sRANKL also inhibited the osteoclastic differentiation of the osteoclast precursors generated by M-CSF without MLO-Y4-CM (Fig. 3D) . These results suggested that MLO-Y4 cells produce humoral factor(s) capable of inhibiting both the M-CSF-induced generation of osteoclast precursors from BM cells and the sRANKL-induced osteoclastic differentiation of these precursors.
MLO-Y4 Cells Embedded in the Gel Did Not Affect RANKL or OPG mRNA Expression by the Stromal ST2 Cells on the Gel in the Presence of Dex and 1,25D
Humoral Factor(s) Produced by MLO-Y4 Cells Inhibited both Osteoclast Precursor Generation and Osteoclastic Differentiation of Precursors in BM Cell
PKR mRNA Expression Increased, and sRANKL-induced c-Fos Protein Synthesis (but Not c-Fos mRNA Expression) Was Inhibited in the Cells Generated by M-CSF in the Presence of MLO-Y4-CM-To address how MLO-Y4-CM treatment with
M-CSF decreases the osteoclastic potential of M-CSF-induced cells in BM cell culture, we compared the characteristics of the cells generated by M-CSF with or without MLO-Y4-CM. The RANK mRNA expression level in the cells generated with MLO-Y4-CM was comparable with the level in the cells generated without MLO-Y4-CM (Fig. 4A) . When the cells were induced by M-CSF with control CM or MLO-Y4-CM and were subsequently stimulated with sRANKL in the absence of CM, sRANKL-induced c-Fos protein production, but not c-fos mRNA expression, was remarkably reduced in the cells generated with MLO-Y4-CM (Fig. 4B) . Because the inhibition of c-Fos mRNA translation is known to be partially mediated by PKR in osteoclast precursors (8), we examined PKR mRNA expression and found that PKR mRNA expression increased in the cells generated with MLO-Y4-CM in an MLO-Y4-CM concentration-dependent manner (Fig. 4C) . These data suggested that the increase in PKR in the cells generated by M-CSF with MLO-Y4-CM decreases sRANKL-induced c-Fos protein translation, thereby inhibiting osteoclastogenesis.
MLO-Y4 Cell Secretion of IFN-␤ Partially Mediated the Inhibitory Effect of MLO-Y4-CM on Osteoclast Precursor
Generation-Because PKR is an IFN-␤-inducible gene in osteoclast precursors (8), we examined the possibility that MLO-Y4 cells secrete IFN-␤ into the culture medium. We detected IFN-␤ mRNA expression by MLO-Y4 cells and found that the level was much higher than in the osteoclast precursors treated with sRANKL and M-CSF for 3 h. IFN-␤ mRNA expression by primary osteoblasts was undetectable (Fig. 5A) . Next, we examined whether PKR mRNA expression was augmented in the cells induced by M-CSF with authentic IFN-␤, and indeed, the presence of recombinant IFN-␤ during M-CSF-induced osteoclast precursor generation increased PKR mRNA expression, and this increase was normalized to control level by the simultaneous addition of ␣-IFN-␤-Ab (Fig. 5B, left panel) . As was the case for authentic IFN-␤, MLO-Y4-CM increased the level of PKR mRNA expression, and this increased level was significantly decreased by ␣-IFN-␤-Ab (Fig. 5B, right panel) . The phosphorylation of STAT-1 is known to be essential for IFN-␤ signaling via the IFN-␣/␤ receptor in the osteoclast precursors induced from BM cells by M-CSF (9) . When the osteoclast precursors were treated with MLO-Y4-CM or recombinant IFN-␤, the ratio of pSTAT-1 to total STAT-1 level in the cells was increased, and the increased phosphorylation was partially reduced by pretreatment of MLO-Y4-CM with ␣-IFN-␤-Ab (Fig. 5C ). In addition, a decrease in sRANKL-induced c-Fos protein in the cells generated by M-CSF with MLO-Y4-CM was partially recovered by the simultaneous addition of ␣-IFN-␤-Ab to MLO-Y4-CM (Fig. 5D) . Accordingly, the decreased osteoclastogenesis by the cells generated by M-CSF with MLO-Y4-CM was partially recovered by the simultaneous addition of ␣-IFN-␤-Ab to MLO-Y4-CM (Fig. 5E, left panel) . When recombinant IFN-␤ was used instead of MLO-Y4-CM, 1.7 units/ml of IFN-␤ decreased osteoclastogenesis to ϳ20% of the control, and this inhibition was recovered by the simultaneous (n ϭ 3) . B, BM cells were cultured with 15% MLO-Y4-CM or control CM in the presence of M-CSF (10 ng/ml) for 3 days, followed by treatment with M-CSF (10 ng/ml) and sRANKL (10 ng/ml) for the indicated time. c-Fos production was analyzed at mRNA and protein levels. The data are expressed as the mean Ϯ S.E. (n ϭ 3). C, BM cells were cultured as described in A, and PKR mRNA expression was then examined. The data are expressed as the mean Ϯ S.E. (n ϭ 3). **, p Ͻ 0.01, *, p Ͻ 0.05 versus MLO-Y4-CM (Ϫ) group.
addition of ␣-IFN-␤-Ab (Fig. 5D, right panel) . However, pOB-CM had no effect on the generation of osteoclast precursors, although pOB-CM inhibited osteoclastic differentiation from the precursors IFN-␤-independently (Fig. 5F ).
Taken together, the data suggest that MLO-Y4 cells secrete IFN-␤, which partially mediates the inhibitory effect of MLO-Y4-CM on the generation of osteoclast precursors induced by M-CSF. Development of a Culture System for OEBFs-To study whether primary osteocytes produce IFN-␤ as an inhibitory factor of osteoclastogenesis, we developed a culture system in which non-osteocytic, cell-depleted OEBFs were cultured on cell culture inserts (Fig. 6A, left panel) . The OEBF cell viability was evaluated after 2 and 5 days of cultivation and was comparable between these two culture periods, indicating that the OEBF cells were stably cultured for at least 5 days in this culture system (Fig. 6A, right panel) . After 2 days of cultivation, mRNA for the osteoblast marker gene keratocan (Kera) (31) was undetectable in OEBFs, whereas significant mRNA levels of the osteocyte marker genes dentin matrix protein 1 (31) and Sost (15) and for OPG were found in comparison with the expression in intact bone fragments. These findings suggested that most cells in OEBFs were osteocytes after 2 days of cultivation (Fig. 6B) . Importantly, OEBFs expressed a significantly higher level of IFN-␤ mRNA compared with the level in intact bone fragments, although this expression decreased during the culture period (Fig. 6C) . The removed cells during preparation of OEBFs expressed IFN-␤ mRNA ϳ2000 -4000 times less than bone fragments or OEBFs. These results indicated that OEBFs can be successfully cultured as osteocyte-rich, non-osteocytic, cell-free bone fragments that express IFN-␤ mRNA.
OEBFs Partially Inhibited Osteoclastogenesis in an IFN-␤-dependent Manner-To address whether the primary osteocytes residing in mineralized bone matrix inhibit osteoclastogenesis by secreting IFN-␤, we first tested the effect of OEBFs on osteoclastogenesis by co-culturing OEBFs on cell culture inserts and BM cells in the culture wells. The OEBFs were co-cultured during the phase of M-CSF-dependent osteoclast precursor generation, followed by washing the cells in each well and culturing in the presence of sRANKL without OEBFs (Fig. 7A, left  panel) . OEBFs significantly decreased osteoclastogenesis compared with the no OEBF or dead OEBF controls (Fig. 7A, right  panel) . We used OEBFs prepared from OPG-KO mice (OPG-KO-OEBFs) to confirm that the inhibitory effect of OEBFs on osteoclastogenesis is independent of the OPG produced by OEBFs and found that OPG-KO-OEBFs inhibited osteoclastogenesis to a similar extent as OEBFs prepared from wild-type control mice (WT-OEBFs) (Fig. 7B) . To examine whether IFN-␤ is involved in the inhibitory effect of OEBFs on osteoclastogenesis, ␣-IFN-␤-Ab was simultaneously added to the co-culture of OEBFs and BM cells during the osteoclast precursor generation phase. The presence of ␣-IFN-␤-Ab partially recovered the reduction in osteoclastogenesis in the presence of OEBFs (Fig. 7C) . These data suggested that osteocytes in FIGURE 6 . Characterization of OEBFs. OEBFs were prepared by repeated collagenase/EDTA treatment of minced femurs from 5-week-old mice. A, OEBFs were cultured in ␣-MEM containing 10% FBS for the indicated number of days, and the cell viability was determined using Cell Counting kit-8. The data are expressed as the mean Ϯ S.E. (n ϭ 4) . B, OEBFs were cultured for the indicated number of days, and the mRNA expression of the indicated genes was evaluated. Bone fragments prior to collagenase/EDTA treatment were used as the positive control. The data are expressed as the mean Ϯ S.E. (n ϭ 3). C, the expression of IFN-␤ mRNA was evaluated. Bone fragments were used as the positive control. The data are expressed as the mean Ϯ S.E. (n ϭ 3). mineralized bone matrix produce IFN-␤ that partially mediates the inhibitory effect of OEBFs on osteoclastogenesis.
DISCUSSION
In this study, we showed that osteocytic MLO-Y4 cells embedded in collagen gel inhibit osteoclastogenesis independently of the modulation of RANKL/OPG production by stromal ST2 cells on the gel, although MLO-Y4 cells in the gel supported osteoclastogenesis in the absence of ST2 cell layer. We also revealed that MLO-Y4 cells, but not primary osteoblasts, produce IFN-␤ to decrease osteoclastogenesis by inhibiting the M-CSF-induced generation of osteoclast precursors coincident with the stimulation of PKR mRNA expression and inhibition of c-Fos translation, downstream signaling molecule of IFN-␤ and its receptor complex. MLO-Y4-CM has also stimulatory effect of phosphorylation of STAT-1 in osteoclast precursors. In addition, we developed a culture system of OEBFs; using this culture system, we demonstrated that OEBFs produce IFN-␤ and negatively regulate osteoclastogenesis. OEBFs from OPG-KO mice also shared the capacity of osteocytes to inhibit osteoclastogenesis in an OPG-independent fashion.
A previous three-dimensional culture system of MLO-Y4 cells in collagen gel (on which BM cells were cultured) successfully revealed that the locally induced death of MLO-Y4 cells by mechanical scratching stimulates osteoclastogenesis around the area of dead MLO-Y4 cells (29) . However, this system lacked cells representing bone lining cells. Although the nature of bone lining cells remains unclear, it is widely believed that these cells affect osteoclastogenesis by producing RANKL and/or OPG in response to local factors and hormones and also by communicating with osteocytes through cell-cell contact. Therefore, we included an ST2 cell layer, serving as bone-lining cells, on the gel containing MLO-Y4 cells in our three-dimensional culture system and observed the inhibitory effect of living osteocytes on osteoclastogenesis. It is unknown how MLO-Y4 cells in the gel exhibited the opposite effect on osteoclastogenesis, depending on the presence or absence of ST2 cell layer on the gel. When BM cells were seeded on ST2 cell layer, it could be expected that osteoclastic differentiation was induced by primarily RANKL expressed on ST2 cell membrane. In such situations, the inhibitory effect of MLO-Y4 cells on osteoclastogenesis could be predominantly observed at least in our culture system, despite the expression of RANKL on MLO-Y4 cell membrane. As the inhibitory mechanism of MLO-Y4 cells, we expected that the RANKL and/or OPG production by ST2 cells was modulated by gel-embedded MLO-Y4 cells; however, we failed to observe significant changes in expression. This finding is different from the results obtained from osteocyte-specific ablation experiments, suggesting that osteocytes restrain aberrant RANKL expression in the cells of the bone surface under normal loading conditions (19) . One possible explanation for this discrepancy is that the functional connection of these two cell types may not be well established in the regulation of RANKL/OPG expression by ST2 cells, albeit cell-cell contact between MLO-Y4 cells embedded in gel has been shown by others (29) . We also observed cell-cell contacts between the MLO-Y4 cells and ST2 cells in our three-dimensional culture system using light microscopy. Alternatively, it was recently reported that osteocytes and not bone-lining cells are the major source of RANKL for osteoclastogenesis during bone remodeling (16, 17) and that the role of bone-lining cells is to regulate the contact between BM cells and osteocytes by covering or exposing the bone surface (32, 33) . Therefore, it might be necessary to utilize another type of cell to represent bone-lining cells if osteoclastogenesis is dependent on the RANKL produced by osteocytes. The development of another relevant model of the regulation of osteoclastogenesis during bone remodeling based on our three-dimensional culture system will be valuable, allowing the future analysis of the relationship between osteocytes, bone-lining cells, and BM cells.
Although osteocytes are known to produce OPG as a humoral factor inhibiting osteoclastogenesis (18) , the MLO-Y4 cells used in this study produced an undetectable level of OPG under our culture conditions but still inhibited osteoclastogenesis via humoral factor(s). Therefore, we took advantage of this clone of MLO-Y4 cells to explore the effect of humoral osteocytic inhibitory factor(s) on osteoclastogenesis. In addition, we used OEBF culture to confirm the results for the MLO-Y4 cells using primary osteocytes in a bone matrix. To exclude the possible effect of OPG acting as a decoy receptor for RANKL, we focused on the inhibitory effect of MLO-Y4-CM on the generation of osteoclast precursors induced by M-CSF, a process that is independent of RANKL (5). We found that IFN-␤ is produced by MLO-Y4 cells and primary osteocytes in OEBFs. Indeed, IFN-␤ production in osteocytes is supported by several lines of evidence. IFN-␤ mRNA expression in MLO-Y4 cells was ϳ400 times higher than in osteoclast precursors treated with sRANKL for 3 h, conditions under which osteoclast precursors express IFN-␤ mRNA, producing a significant amount of IFN-␤ that negatively regulates the osteoclastic differentiation of the cells (8, 9, 34) . IFN-␤ mRNA was expressed by freshly isolated, intact bone fragments, and, after removing the cells from the surface of the bone fragments the remaining OEBFs expressed an approximately two times higher level of IFN-␤ mRNA, suggesting that most of the IFN-␤ mRNA-expressing cells, i.e. osteocytes, existed inside of the bone fragments. In addition, primary osteoblasts and the removed cells during OEBF preparation expressed undetectable or ϳ4000 times lower level of IFN-␤ mRNA compared with OEBFs. Therefore, it is suggested that IFN-␤ mRNA expression was relatively osteocyte-specific among bone-forming cell and bone-resorbing cell lineage. Although the protein level of IFN-␤ in MLO-Y4-CM was not measured, the fact that PKR mRNA expression was stimulated in the cells induced by M-CSF with recombinant IFN-␤ and with MLO-Y4-CM and that these stimulatory effects were partially abolished by the simultaneous addition of ␣-IFN-␤-Ab to MLO-Y4-CM suggested the presence of active IFN-␤ in MLO-Y4-CM. In addition, MLO-Y4-CM stimulated phosphorylation of STAT-1, which is essential for the IFNstimulated gene factor-3 complex formation responsible for the signal transduction of type-I IFNs (7) , and the increased pSTAT-1 was decreased by the presence of ␣-IFN-␤-Ab. Furthermore, the decreased amount of c-Fos in and the concomitant inhibition of osteoclastogenesis by the cells generated in the presence of MLO-Y4-CM were partially recovered by the simultaneous addition of ␣-IFN-␤-Ab to MLO-Y4-CM. Most importantly, we found that co-culturing BM cells and OPG-KO-OEBFs or the OEBFs from wild-type mice without cell-cell contact during the generation of osteoclast precursors by M-CSF inhibited the ensuing sRANKL-induced osteoclastogenesis. This inhibition was partially diminished by the presence of ␣-IFN-␤-Ab during the co-culture period. Based on the data, we concluded that osteocytes produce several factors that inhibit osteoclastogenesis, including IFN-␤. Although ␣-IFN-␤-Ab used in our experiments could neutralize the effects of 1.7 units/ml of recombinant IFN-␤ on PKR mRNA expression and osteoclastogenesis to the control levels, the recovery of the osteoclastogenesis inhibited by MLO-Y4-CM or OEBFs in the presence of ␣-IFN-␤-Ab was partial. Therefore, it is suggested that osteocytes produce the inhibitory factors of osteoclastogenesis other than IFN-␤, which might also stimulate PKR mRNA expression.
Because no osteocyte-specific IFN-␤-KO mice have been available until now, it is difficult to compare the significance of the IFN-␤ produced by osteocytes for in vivo osteoclastogenesis with the IFN-␤ produced by RANKL-stimulated osteoclast precursors. Osteocytes account for Ͼ90% of the total cells in bone, and the humoral factors derived from osteocytes can affect BM cells outside of the bone matrix, as evidenced by the effect of granulocyte CSF produced by osteocytes (35) . In addition, our OEBF culture demonstrated that the IFN-␤ produced by osteocytes in the lacunae is released from the bone matrix to inhibit osteoclastogenesis. It has been hypothesized that bone remodeling under normal loading conditions is initiated by osteoclastic resorption of the locally damaged or microfractured area of the bone tissue, in which osteocytes are dying or apoptotic. Although osteocytic RANKL is indispensable for osteoclastogenesis during bone remodeling (16, 17) , the relative contribution of membrane-bound versus soluble RANKL to osteoclastogenesis remains to be established. If RANKL bound to osteocytes, but not soluble RANKL, is significant for osteoclastogenesis, the fact that osteocytes are embedded in calcified matrix suggests that RANKL expressed on only osteocytic cell processes reaching to the bone surface through canaliculi can contact with BM cells to support their osteoclastic differentiation and that RANKL on osteocytes not reaching bone surface cannot contribute for osteoclastogenesis. However, the humoral factors produced by osteocytes even deep inside of the bone matrix are theoretically accessible to BM cells through canaliculi network. It has been speculated that a decrease in the factors that inhibit osteoclastogenesis due to the death of osteocytes is a key event that induces osteoclastogenesis (29) . Therefore, there exists a possibility that damaged or aged osteocytes in a distance from bone surface cause a decrease in the humoral inhibitory factor(s) of osteoclastogenesis, resulting in a shift of the balance in favor of osteoclastogenesis supported by RANKL on vital osteocytes near bone surface. Because IFN-␤ knock-out mice exhibit osteoporosis (8) , it is interesting to study the involvement of the IFN-␤ in this process.
In conclusion, we found that MLO-Y4 cells and primary osteocytes in bone fragments produce IFN-␤ as an inhibitory factor of osteoclastogenesis. Although the excessive osteoclastogenesis observed in IFN-␤-KO mice has been regarded to be due to the absence of IFN-␤ production by osteoclast precursors, our findings may provide new insight into the mechanisms for the osteocytic control of bone remodeling.
